To better understand variation in response of components of ecosystem evapotranspiration (ET) to grassland use differences, we selected three typical land use patterns in a temperate steppe area: grazed steppe (G), steppe with grazers excluded (GE), and steppe cultivated to cropland (C). ET was divided into its components evaporation (E) and canopy transpiration (T) using herbicide and a chamber attached to a portable infrared gas analyzer (Li-6400). The results indicated that daily water consumption by ET in G was 3.30 kg m −2 d −1 ; compared with G, ET increased significantly in GE at 13.4% and showed a trend of 6.73% increase in C. Daily water consumption by E increased 24.3% in GE relative to G, and C showed 20.2% more than GE. At 0.46, E/ET in C was significantly higher than G at 0.35. Air temperature and the vapor pressure deficit were closely correlated with variation in diurnal ET, E, and T. The leaf area index (LAI) was also positively correlated with daily ET and E varied among grassland use patterns and explained variation in E/ET (81%). Thus, variation in LAI strongly influences the overall magnitude of ecosystem ET and the composition of its components under different grassland use patterns.
Introduction
Large-scale changes in land use are strongly connected to global climate change [1] [2] [3] . In recent years, changes in land use patterns in large areas of grassland in Northern China [4] have altered surface vegetation cover [5] and, as a result, significantly influenced the ecosystem and regional environment [6] . Grazed steppe covers the majority of grassland area in the European-Asian continent [7] . In Northern China, grazing by livestock has long been the major anthropogenic influence on the temperate grassland ecosystem. In recent years, however, grassland destruction by sandstorms has increased environmental protection awareness and government input for grassland restoration in China, resulting in a rapid increase in steppe area where grazing is excluded [1] . In contrast, in response to crop-planting limits and the need for economic benefit, a large grassland area in the pastoralfarming ecotone of the steppe in China has been converted to cropland [8] . By altering vegetation, original soil structure, and microclimate, changes in grassland use may affect overall ecosystem evapotranspiration (ET), as well as its components soil surface evaporation by vapor loss (E) and canopy vapor consumption by transpiration (T). These processes contribute to carbon uptake [9] .
Water is a critical limiting factor in arid and semiarid grassland area in Northern China and influences productivity and regional climate [10, 11] . ET is related to a number of ecosystem processes, including photosynthesis, soil moisture, and latent heat transfer [12] and plays an important role in global energy and water cycles [8] . The magnitude and dynamics of ET differ with changes in vegetation traits, meteorological conditions, and soil characteristics [13] . Therefore, it is important to investigate how change in grassland use patterns in the Northern China steppe has altered local vapor budget and water balances, thereby influencing natural ecological functions in these grasslands [14, 15] and impacting regional climate.
Previous work on ET has been conducted primarily using the eddy covariance system [15] [16] [17] and the lysimeter [18] . The eddy covariance system can record ET automatically over long durations, but, because of its whole-ecosystem scale [19] , it is difficult to distinguish differences in water flux among local sites. This problem can be resolved by using a chamber attached to a portable infrared analyzer [20] [21] [22] , which is more suitable for measuring flux of adjacent plots. Thus it can be used to determine the influence of the land use type on water exchange within an ecosystem. In addition, few previous studies have correctly divided ET into soil evaporation (E) and transpiration (T) [8] , resulting in difficulty uncovering underlying mechanisms of variation in ET [23, 24] . However, with a fine treatment such as clipping, portable infrared gas analyzers measured the contribution of E to total ET [25] . Measuring the components of ET (E and T) is key not only to understand mechanisms underlying variation in ecosystem ET with grassland use patterns [23] but also to help resolve uncertainties in modeling simulation of ET or latent heat and thereby to increase simulation precision [25, 26] .
We used herbicide rather than clipping and removing the vegetation to more accurately divide ecosystem ET into canopy T and surface E, as killing the vegetation with herbicide leaves the structure intact, largely maintaining the original level of shading. Specifically, we aimed to (i) understand the effect of the varied grassland use patterns on the components of ET and the daily vapor transfer between the ecosystem and the atmosphere and (ii) investigate the mechanisms underlying changes in ET and its composition among different grassland use patterns in the steppe. .76 E, elevation 1250 m). The study site is located at 500 km north to Beijing and is considered as an important sand source of Beijing (Figure 1 ). Between 1982 and 2004, mean annual temperature was 0.6 ∘ C, and mean monthly temperature ranged from −21.4 ∘ C (January) to 18.5 ∘ C (July) [20] . Mean annual precipitation was 350 mm, mainly falling from June to August during the main growth period. The weather is mainly dry and windy, and the soils are chestnut or chernozem soil. Data of the main meteorological parameters during the experimental period (August 2012) are shown in Figure 2. 
Materials and Methods

Observation Design.
Three types of land use in adjacent areas were selected for study: grazed steppe (G), steppe with grazers excluded (GE), and steppe cultivated to cropland (C). G is a typical steppe that has been grazed by sheep and horses for more than 20 years. GE is steppe where herbivores have been excluded since 1979 and a large amount of plant litter remains on the ground. The original land use and community structure of C were similar to G until 5 years prior to the study, when the land was cultivated for wheat cropping. No irrigation is applied to cropped areas. Organic manure was applied prior to crop planting, and 240 kg hm ecosystem and atmosphere. The flux tower was positioned more than 800 m from the boundaries of GE and C. The study area was set up using a randomized block design. Within each type of land use, there were four replicate blocks (3.5 m × 3.5 m with 5 m space between blocks). Four 1 m × 1 m plots were randomly arranged within each block, with 1.5 m between plots. Two weeks before observation began, one plot in each block (DS) was randomly selected and sprayed with herbicide (41% glyphosate, diluted with water 150 times). All vegetation in these plots withered in 2 days, but the canopy remained standing and dry throughout the observation period. Another plot in each block (CL) was chosen in which the aboveground tissue was removed by clipping, following the procedure used in previous studies [20, 23] . The third randomly selected plot in each block served as the control plot (CK) to which no further treatment was administered. The fourth plot was used for destructive sampling to determine the community characteristics of each block, including above/belowground biomass, leaf area index (LAI), and soil properties.
For determination of ET, we found that the herbicide method (DS) resulted in shading and surface roughness more similar to the control plots (CK) than the commonly used clipping method [20, 23] (CL), providing more realistic evaporation and microclimate conditions. Thus, the DS method provides a more accurate determination of ecosystem E, consequently improving the accuracy of separating T from ET. This method assumes that transpiration in herbicidesprayed plots (DS) was completely suppressed by withering of all living plant tissues. Thus, vapor exchange in DS plots would mainly come from earth surface evaporation (E). Plant transpiration (T) was calculated by subtracting E in the DS treatment from ET in the control. Of the different observational methods to partition the components of soil evaporation (E) and canopy transpiration (T) from ecosystem ET, our approach appears to be the most accurate, as it disturbs the original environmental conditions the least (Table 1 ) and avoids the influence of air advection or large eddies [15, 18, 23] .
Vapor Flux Measurements.
Two weeks before observations began, a square metal base rim (50 cm × 50 cm in area, 10 cm in height with 3 cm aboveground) was installed in each of the three types of observed plot (CK, CL, and DS) for the measurement of the vapor exchange rate. The vapor exchange rate was determined by a cubic chamber (50 cm × 50 cm × 50 cm) attached to an infrared gas analyzer (IRGA, LI-6400, LiCor, Lincoln, NE, USA). When measurements commenced, thirty consecutive recordings of vapor concentrations were taken for each placed chamber at 1 s intervals during 30 s periods. H 2 O flux rates were calculated from the time courses of changing concentrations. The fluxes of E were directly determined in the treatments of DS, and the fluxes of ET were determined in CK plots. This staticchamber method has been used and validated in previous studies [23] . One temperature probe at the center measured air temperature (AT) and another pushed into the soil aside the chamber measured soil temperature (ST) at 5 cm depth. The soil moisture (SM) was measured with a portable soil moisture device (TDR100, Spectrum, Plainfield, IL, USA).
The water exchange ET and E rates were calculated based on the formula [20, 23] 
where ℎ is H 2 O flux (mmol m −2 s −1 , positive ℎ values represent ecosystem vapor release and negative represent vapor condensation); is the chamber volume (m 3 ), av is the average pressure (kPa), is the ideal gas constant (8.314 J mol
, S is the surface area covered by chamber (m 2 ), av is the average temperature ( ∘ C) during the measurement, and / is the slope of linear least squares regression of H 2 O concentration by time.
The transpiration rate (T) was calculated by the difference between ET and E:
Observations were conducted on clear sunny days during the peak in live grassland biomass (August). Observations were conducted continuously through the day at 1-hour intervals over 12 days. During each day, measurements were taken within one land use type to ensure similar weather conditions within an ecosystem to maintain comparability of data. Thus each land use or ecosystem type (C, G, and GE) had 4 replicate days of observation. Daily vapor exchange (E, T, and ET) in each of the three ecosystems was calculated from the H 2 O flux rates obtained with the portable infrared gas analyzers using the following equation:
Daily water exchange = ∫ 24:00 0:00 ℎ * 18 * 10
where ℎ is the H 2 O flux (mmol m −2 s −1 , positive ℎ values represent ecosystem vapor release and negative values represent vapor uptake).
Measurement of Community Characteristics.
Species composition, average height, and plant cover were measured in the 12 observational plots in each of the three different land uses of steppe (G, GE, and C). Aboveground biomass was measured with the clipping method, and underground biomass was measured with the root drill method [4] . LAI was measured using the method proposed by Miao et al. [8] .
2.5. Data Analysis. Origin 8.0 was used for figure drawing and SPSS 12.0 was used for data analysis. Three one-way ANOVAs followed by Duncan tests were used to analyze the differences of ecosystem microclimates and community and soil characteristics among the three land uses. Paired -tests compared the diurnal dynamics of ecosystem vapor exchange within each of the three types of land use. One-way ANOVAs and Duncan tests analyzed the mean daily accumulated E, T, and ET among the three land uses. Linear regression analysis compared the consistency of ET measurements between the eddy covariance system and the portable infrared chamber method. Linear regression analysis was used to evaluate the relationships of ET and its composition E/ET on environmental factors.
Results
Microclimate and Community Characteristics of Land Use
Types. Soil temperature of G was significantly higher than that of GE. At 2.5% less than GE and 4.42% less than C, G had the lowest soil moisture (Table 1) . Land use also significantly affected soil condition but had little effect on aerial microclimate factors including temperature and VPD. Clipping did not cause marked microclimate change in G blocks, but, in GE and C blocks, CL plots had increased temperatures and reduced soil moisture relative to CK plots (Table 1) . There were no significant differences of microclimate factors between paired DS and CK plots.
Land use pattern substantially influenced the grassland community characteristics. Total biomass in C and G was significantly lower than in GE ( Table 2 ). The proportion of the aboveground biomass and biomass of C4 plants also varied significantly among the three types of land use (Table 2) . Litter fall was significantly higher in GE than in G or C. The LAI was the lowest in G, with 300% higher LAI in C and 62% higher in GE ( Table 2 ). The influence of land use on soil properties was visible in the soil organic carbon (Table 2, < 0.05) and bulk density.
Components of ET in Response to Different Land Uses.
The daily dynamics of E, T, and ET among the different land uses of grassland steppe were generally represented by a unimodal curve that peaked around midday (Figures 3(a) -3(c)), although a minor midday depression in T (Figure 3(b) ) may have driven a similar trend in ET (Figure 3(c) ). GE and C both tend to increase the average daily ET of the grazed steppe, which was 3.30 kg m −2 d −1 (Figure 4 ). Cultivation significantly increased ecosystem ET 13.4% over that of grazed steppe (3.74 kg m −2 d −1 ; < 0.05), whereas the change in grazing exclusion (3.52 kg m −2 d −1 ; < 0.05) was not significant.
Land use type did not significantly affect T ( > 0.05) but increased rates of E relative to C in G and GE (24.3% and 40.2%, resp.) ( < 0.05). Consequently, variation in E was the driving cause of differences in ET among the three grassland uses (Figures 3(a) and 4(a) ). The proportion of evaporation to total vapor consumption (E/ET, Figure 4 ) of C was significantly increased in comparison with G ( < 0.05).
Relationships between Components of ET and Microclimate Factors.
The components (E, T) of total ecosystem vapor consumption (ET) were significantly correlated with AT and VPD among different grassland uses (Figures 5(a) -5(f), < 0.001). AT explained a large proportion of the variance in ET among the types of steppe land uses ( Figure 5(a), 81-83%) .
Variation among the grassland uses in sensitivity of the components of ET to microclimate factors was reflected by However, crop cultivation increased the sensitivity of E to AT by 160% relative to grazed steppe ( Figure 5(b) ). Moreover, in GE and C plots, the slope of the regression of E to VPD was 1.4 and 3.3 times that of grazed plots, respectively ( Figure 5(e) ). The differential sensitivity of E led to a variable overall response of ET to VPD and AT among the three grassland uses. ET responded more strongly to AT ( Figure 5(a) ) and VPD ( Figure 5(d) ) in cultivated plots than grazed or grazer exclusion plots.
Relationships between Components of ET and Community
Traits. Variation in each of the community traits (aboveground biomass, LAI, soil bulk density, and mean soil moisture) was significantly linearly correlated with mean daily vapor consumption by E and ET among different patterns of grassland use ( Figure 6 , all < 0.01). In particular, a large proportion of the variance in both ET and E were explained by LAI (78-87%) and soil moisture (89-90%). Trends of linear correlation between ET and biomass, LAI, soil bulk density, and soil moisture were consistent with those of E. There were no significant relationships between T and aboveground biomass, LAI, soil bulk density, or soil moisture ( Figure 6 , > 0.05).
Mechanisms Underlying Variance in E/ET among Steppe
Grassland Uses. Linear correlations between mean daily vapor consumption and mean daily E/ET were significant for both E (Figure 7(a) , < 0.001) and T (Figure 7 (b), < 0.05), though the relationship was stronger for E. Additionally, mean daily water consumption by E explained Mean daily soil moisture (v/v%) (l) Figure 6 : Relationships between mean daily water consumption components (E, T, and ET) on aboveground biomass, leaf area index (LAI), soil bulk density, and soil moisture across the three different steppe land uses. Error bar in WUE was 1 SE. R 2 and probabilities of regressions are shown; ∧ > 0.05; * < 0.05; * * < 0.01; * * * < 0.001. G, grazing; GE, grazing excluded; C, crop.
three times more variance in E/ET than T (90% versus 30%). LAI (Figure 7(c) ) and soil moisture (Figure 7 (d)) were also positively correlated with E/ET, while the relationship between LAI and soil moisture depended on the level of LAI. When LAI was less than 1, soil moisture was positively linearly correlated with LAI, but values of LAI larger than 1 did not stimulate corresponding increases in soil moisture (Figure 7(e) ).
Discussion
Effect of Grassland Use Types on the Components of ET.
Because ecosystem ET takes away heat from the earth surface through latent heat transport, variation in ET with different grassland uses may alter the energy budget and consequently affect the regional climate [8] . ET rates determined by converted latent heat measurements taken by the eddy covariance system were highly correlated with ET rates measured using the chamber method (Figure 8 , < 0.01), confirming the reliability of chamber-measured vapor exchange rates. In addition, our measurements of ET rates in the three different patterns of grassland use were comparable to relevant previous work and modeled data for adjacent areas [1, 8, 26] . Though the chamber-measured ET rates were highly correlated with eddy covariance methods, yet there are uncertainties, which are caused by the measurement devices, in ET compositions (E and T). The certain deviation in this method is due to the chamber. Since the chamber blocked the natural wind, this should cause underestimate of surface E and lead to a certain overestimate of T rates.
Previous research has shown that different land uses can significantly change community structure [27, 28] , soil properties [29, 30] , and microclimate conditions [31] [32] [33] , which may be correlated with ecosystem vapor exchange [34] [35] [36] [37] . Consistent with this previous work [8, 24] , our study demonstrated that cultivation and exclusion of grazing increased ET, the total vapor consumption of an ecosystem. Our examination of the individual components of ET revealed that it was evaporation (Figure 4 , < 0.05), not transpiration (Figure 4 , > 0.05), that caused the variance in ET among the different land uses of the steppe (Figure 4 , Figure 6 ). Although few previous experimental studies in grassland ecosystems have separated ET into E and T [25] , a study doing so in an agricultural ecosystem also found that changes in E were more important than those in T in driving patterns of ET, among different crop species [24] .
Despite the suggestion of previous large-scale studies including cross regional simulations [26, 37] and long-term observations [8] that vegetation with higher LAI should have lower E/ET, our findings corroborated those of another regional study [24] , showing that E/ET was higher in land use types with higher LAI in adjacent areas (Figure 4) . These contrasting results demonstrate that the components of ET may respond variably to increases in LAI depending on the spatial and temporal scale of the study. The positive relationship between E/ET and LAI in our study (Figure 7(c) ) may be owing to the shading effect of redundant LAI. During the peak growing season, when LAI reaches its maximum, an individual plant in any grassland use type has redundant leaves which are shaded by those newer and higher leaves of its own. Thus, in those land uses with higher LAI, the increase of LAI just enhanced the shading; ineffective leaves would not contribute substantially to an increase in canopy T. In contrast, increased shading in communities with a larger LAI would result in higher soil moisture. In arid and semiarid areas, where water supply is a limiting factor of E [26] , increased soil moisture would stimulate higher rates of surface E. Relative to grazed areas, grazer exclusion and cultivation both tended to increase ecosystem ET (Figure 4) , which facilitates water transfer from the grassland to the atmosphere. Despite similar effects on ET, these two patterns of grassland use (GE, C) may have differing effects on regional climate. Elevated rates of ET would increase regional precipitation in both types of systems, but the larger mass of accumulated litter in grasslands with grazers excluded (Table 2) would increase rainfall absorption and infiltration, reducing water loss by overflow and evaporation. In contrast, without accumulated litter (Table 2) , lower rainfall infiltration in cultivated steppe [8] would reduce ground water supplementation, and ground water may eventually be exhausted by elevated vapor loss (Figure 4) . Thus, long-term cultivation of steppe may intensify drought and cause damage to regional ground water stores, whereas grazer exclusion may increase soil moisture content sustainably, with corresponding effects on regional climate through increased precipitation and humidity.
Factors Driving the Variation of Components of ET among
Patterns of Grassland Use. In arid and semiarid areas, soil water content is a key factor controlling vapor loss [8, 23] , and previous studies have shown that soil moisture is closely related to ET and E [20, 23, 31] . Similarly, in this study, variation in soil moisture among different land uses explained 90% and 89% of the mean daily ET (Figure 6(j) ) and E (Figure 6(k) ), respectively. Additionally, we found that soil moisture variation among patterns of grassland use may be caused by changes in LAI with land use (Table 2 ). This was demonstrated by strong positive relationships of LAI and soil moisture (Figure 7(e) ), where LAI explained 95% of soil moisture variation, and may also underlie the close correlations of LAI with ET ( Figure 6(d) ) and E ( Figure 6(e) ). Furthermore, significant relationships of ET and E with aboveground biomass and soil bulk density may be because these community traits are inherently related to LAI ( Figure 6 ). In contrast to previous work conducted on large spatial and temporal scales [26, 31] , we found no significant relationships between LAI and T ( Figure 6(f) ). Comparison of these studies with our work and similar findings in an agricultural system [24] suggest that the influence of LAI on vapor consumption may vary with scale.
Few studies have been conducted on the daily dynamics and controlling factors of ecosystem ET and its components. At the large spatial and temporal scale, evidence suggests that change in ET may be closely related to some microclimate factors and soil traits, such as VPD, air temperature, soil temperature, and soil moisture [23, 26, 31] . Consistent with previous conclusions, we found that VPD and air temperature were significantly related to ET, E, and T ( Figure 5 ). In particular, AT explained 80% of the variation in ET rates among varied land uses ( Figure 5(a) ). However, unlike previous studies [23, 31] , changes in soil temperature and moisture were not correlated with E and T ( Figure 5 ). Instead, we suggest that soil moisture may contribute to vapor exchange regulation indirectly. Since soil water supply ability varies with soil moisture, we assumed that soil moisture may be the primary factor controlling the regression slope of E and ET with AT and VPD under different grassland use patterns.
E/ET, the contribution of E (rather than T) to total ecosystem vapor consumption (ET) [24, 38] , is an important trait of water vapor exchange and the ecosystem in general [39] . Measurements of E/ET in this study (approximately 0.4, Figure 4 ) were comparable with those obtained by modeling [37] and experimental observation [31] in similar ecosystems. Variation in mean daily E (Figure 7(a) ) and T (Figure 7(b) ) both significantly affected E/ET, although E explained three times more variation in E/ET than T. Thus, variation in surface vapor consumption (E) was more important in controlling patterns of E/ET among grassland use types. Moreover, because soil moisture directly regulates E [10] , soil moisture was also significantly positively related to E/ET (Figure 7(d) ). Finally, change in LAI with varying patterns of land use was a significant predictor of soil moisture (Figure 7(e) ), which is similar to Xu et al. 's result [32] . Consequently, LAI explained 81% of the variation in E/ET (Figure 7(c) ). These results corroborate the conclusions of a previous modeling study [26] that LAI is a primary community characteristic involved in regulation of the components of ecosystem ET.
Conclusions
Land use changes in grasslands of temperate steppe ecosystems, such as cultivation and grazing exclusion, may significantly influence vegetation and soil properties as well as some microclimate factors. Thus, variation in grassland use may have large effects on the vapor budget. Our results indicated that grassland cultivation and grazing exclusion both tend to increase ecosystem ET, with a significant increase in cultivated steppe. Differential litter accumulation and resultant infiltration of rainfall to ground water among grassland uses suggest that large-scale cultivation may intensify aridity of the steppe area in Northern China, while the grazing exclusion may gradually alleviate local arid conditions. Division of ET into its components indicated that changes in ET in cultivated and grazer excluded grassland were primarily caused by elevated E, while T did not increase significantly. Through shading, variation in LAI with land use type substantially influenced the soil moisture, thus acting as a key regulator of E and even ET and E/ET in the ecosystem. Consequently, LAI is the primary regulating factor of the magnitude and composition of grassland-atmosphere vapor exchange under different grassland uses. These observed results would help reduce the uncertainty of relevant models in simulating ET and the surface energy budget and provide significant reference for the land use management to alleviate the climate change.
